Predicting the morphological trend of a scour in
a gravel bed river
Ferry van Tilburg
Msc Thesis

March 2022
Hydrology and Quantitative Water Management Group, Wageningen University
Supervisors: Bart Vermeulen, Hermjan Barneveld, Ton Hoitink

Abstract
Scours are common features in rivers and estuaries. Scours can threaten the stability of nearby infrastructure like
embankments, bridge piers, tunnels and pipelines. Rain-fed river floods can start the development of scours. Climate
change has increased the likelihood of extreme rainfall events and thus also increased the severity of rain-fed river
floods worldwide. In Juli 2021, heavy rainfall caused the formation and development of scours in the Grensmaas river
by sweeping away a protective plaster layer which exposed a fine sand layer that could be eroded easily.
In this study, Rigid lid finite volume models, with a k–ω SST DES. turbulence model constructed in OpenFOAM
were used to investigate the morphological trend and flow structure of a non-idealized scour in the Grensmaas located
at the ferry jetty at Berg and Meers for a variety of flood discharges. Two campaigns were conducted at the scour.
One to measure the velocity field, which was used for analysis of the flow structure, model calibration and validation.
During the other campaign sediments were sampled in and around the scour.
Based on collected samples, and model simulations, areas where sediment motion was initiated were readily
determined with the critical shields stress. Then bed shear stress divergence was used to predict whether sedimentation
or erosion would occur at these locations in the scour. Bed-load transport is expected throughout the scour for fine
sands for all tested discharges, but bed-load transport of gravel would occur for a rain-fed flood discharge that happen
every two years, or less often. Then based on bed shear stress divergence it is expected that when rain-fed discharges
become larger, erosion will first occur at the upstream edge of the scour, and sedimentation will occur around and
in the latter half of the scour.
Even though the models could not be validated with data from only a single velocity field measurement campaign,
the models were very well able to reproduce large-scale flow phenomena that are relevant for scour morphology,
like flow separation, horizontal flow contraction, horizontal and vertical recirculation for most cases despite model
limitations. The model could be further improved, especially with respect to the rigid lid approach, which could be
replaced by a sloped rigid lid or a free surface approach to improve model results.
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1 | Introduction
1.1

Context & motivation

Scours are common features in rivers and estuaries (Huismans et al., 2021). In this study, the scours are defined
as depressions in the river bed caused by erosion processes that are natural to the fluvial channel and follow from
local changes in hydrodynamic conditions (Galay et al., 1987) and/or local changes in erosive capacity of the bed
(Koopmans, 2017). Climate change has increased the likelihood of extreme rainfall events and thus also increased
the severity of rain-fed river floods worldwide (Dayrit et al., 2018). Floods are known to cause development of scours
holes(Gjunsburgs et al., 2006). Rain-fed river floods cause change in hydrodynamic conditions, but also in local
change in erosive capacity of the bed.
Between 12 and 15 July 2021, heavy rain fell across the United Kingdom, western Germany, and neighbouring
Netherlands, Belgium, and Luxembourg. Floods started in Belgium, Germany, the Netherlands, and Switzerland
on 14 July 2021 and caused multiple rivers to burst their banks (BBC, 2021b,a). In the Grensmaas stretch of the
river Meuse several scours developed during the floods (Waterveiligheid, 2021). These scours have steep slopes and
large depths, and thus threaten the stability of nearby infrastructure like embankments, bridge piers, tunnels and
pipelines. It is unsure what will happen to scours that formed in the Grensmaas during the flooding of July 2021. In
the future, it would be possible that the scours will become morphological active again for rain-fed flood discharges
that also caused their formation, or during other discharges. This could again pose problems and dangers to the
surrounding area, and therefore gaining insight in hydrodynamic and morphodynamic conditions that cause formation
and development of scours during floods is essential to prevent damages and guarantee the safety of rivers.
Computational Fluid Dynamics (CFD) is an increasingly popular tool for studying scours due to increasing computer power. For prediction of a morphological trend of scours during rain-fed floods, 3D models of scours are needed
because of the three-dimensional hydrodynamic and morphodynamic nature of scours, instead of 2D or 1D models.
Broekema et al. (2018) concluded that a two-dimensional modeling approach for scours is not always a suitable
option, as it is the mutual interaction of the vertical and the horizontal structure of the flow that determines the
character of the flow. Likewise, two-dimensional modelling of scours leads to underestimation of the scour depth
due to an excluded positive feedback mechanism: The lateral velocity gradients lead to relatively high velocities near
the bed in the scour hole via horizontal flow contraction, which could enhance erosion due to increased bed shear
stresses, and causing an even stronger horizontal contraction and thus maintaining scouring potential.
A three dimensional approach is also important to model other flow phenommena, caused by an increase in crosssectional area due to the presence of the scour. Vermeulen et al. (2015) found that for a scour in a river bend, the
increase of cross-sectional area is thought to induce horizontal flow recirculation which helps maintain high velocity
in the centre of a channel, which is supported by Venditti et al. (2014), also for straight rivers. Cross-sectional area
is also thought to be an important driver of flow separation (Vermeulen et al., 2015). Recent research by Broekema
et al. (2018) has shown that vertical flow separation over steep slopes up to ±26◦ in a channel, like at the upstream
edge of a scour, can be suppressed by horizontally contracting a flow. Without flow separation vertically attached
flow can increase scour potential due to increased shear stresses at the bed.
Next to hydrodynamic conditions, subsurface lithology affects scour formation and development due to the local
changes in erosive capacity of the bed. A heterogeneous subsurface changes the erosive capacity of the bed in
streamwise direction and thus can also be a trigger for the initiation of scour formation (Sloff et al., 2013; CserkészNagy et al., 2010). In the Rhine-Meuse Delta 40 % of the scour holes can be attributed to changes in the erosive
capacity of the bed (Koopmans, 2017). Recently, Huismans et al. (2021) investigated the lithological control on scour
hole formation in the Rhine-Meuse estuary and found that in the estuary reaches with a sandy subsurface erode evenly,
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while in reaches with a heterogeneous subsurface lithology, erosion is retarded at locations with an erosion resistant
top layer and promoted at locations where sand bodies are present in the subsurface. The subsurface lithology is also
expected to have influence on the formation of scours in the Grensmaas during the flooding in July 2021 where a
erosive retarded top layer was swept away due to high velocities, exposing easily erodible sediments (Waterveiligheid,
2021).
Experimental and Modeling research on scour development in heterogeneous subsoil focused on idealized scour
cases. Analyses of field data and experimental research has been performed on scour holes in heterogeneous subsoil
by Van Zuylen (2015); Koopmans (2017); Stenfert (2017). Bom et al. (2018) made a numerical model that that
simulates the hydrodynamics in a scour hole in OpenFOAM based on work by Jacobsen et al. (2014); Wilcox (2006).
However, no 3D model of a non-idealized scour in the field in heterogeneous subsoil has been made. Therefore this
research aims to investigate morphological trend of a non-idealized scour in the field in a heterogeneous subsoil of
gravel and sand in the Grensmaas for different rain-fed flood discharges via a CFD modelling approach.

1.2

Research questions

Therefore the main research question of this study is: What is the expected morphological trend for a non-idealized
scour in the Grensmaas considering different rain-fed flood discharges?
This question can be divided in the following research questions:
1. What material is present in the scour at the study site?
2. What flow structure develops for different rain-fed flood discharges?
3. For what rain-fed flood discharge will the scour become morphological active?
4. Where are erosion and sedimentation expected in the scour for different rain-fed flood discharges?

1.3

Thesis contents

The research questions of the thesis are answered via a modelling approach. Chapter 2 includes a description of
the study site and the modelled scour subject. Chapter 3 discusses the data needed to make the model, and data
collected during field campaigns for model calibration and validation as well as soil samples necessary in predicting
the morphological trend. Chapter 4 describes the setup of the model, including the workflow for the creation of the
mesh, boundary conditions, initial conditions and model calibration. Furthermore model execution is discussed, as
well as methods for model validation and to predict the morphological trend. Chapter 5.2 discusses validity of the
model. Chapter 6 shows the results of the study. In chapter 7 research questions are answered, limitations in the
model and methods addressed and recommendations are made. Chapter 8 concludes the thesis and describes the
most important findings and the key takeaways of the study.
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2 | Study site

Figure 2.1: Elevation of the study site. The river bathymetry is indicated elevation is indicated with a blue gradient.
Terrain elevation is indicated with a brown gradient. The scour subject to study is clearly visible of the middle of the
river bathymetry. The red dot in the mini-map indicates the location of the scour in the province of Limburg in the
Netherlands.
The scour subject to study is roughly 70 meters wide, 250 meters in length and up to 20 meters deep. This
scour developed near Berg and Meers, between two ferry jetties, in the Grensmaas stretch of the river Meuse in the
province of Limburg in the southern Netherlands as a result of of the rain-fed flood of the Meuse in July 2021 (Figure
2.1).
Currently, the Grensmaas is under maintenance by Consortium Grensmaas, to rebuild the river’s natural character and protect against flooding by improving dikes, enlarging the banks and stream channel and construction of
secondary stream channels (Rijkswaterstaat, 2021). Meijer et al. (2011) inventoried subsurface data of the Grensmaas. The bed of the Grensmaas near the ferry between Berg and Meers consists of a thin plaster layer with
fine sand underneath, therefore the area was classified by Meijer et al. (2011) as risk area for bed erosion (Figure
2.2). Flow velocities in the Grensmaas near Nattenhoven have increased due to implementation of measures of the
Grensmaasproject (Figure 2.3).(Meijer et al., 2011) Therefore this area of the Grensmaas will be more prone to erosion.
The Grensmaas strech of the river Meuse has several unique characteristics. Foremost the Grensmaas reaches
from Maastricht to Roosteren in a stretch of approximately 40 km long, and functions as a border that separates
Belgium and the Netherlands. The Netherlands is on the eastern side of the Grensmaas and Belgium on the western
side. Furthermore the Grensmaas is the only part of the river Meuse in the Netherlands where the river still follows
a ‘natural course’, the rest of the Meuse is canalized (Rijkswaterstaat, 1994). Lastly, the Grensmaas stretch of the
Meuse is a river with a gravel bedding which is unique to the Netherlands (Rijkswaterstaat, 1994).
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Figure 2.2: Adopted from Meijer et al. (2011). Erosion sensitivity of the study site. The Grensmaas meanders in the
middle of the map from south to north. Erosion sensitivity of the river bed is shown among other things. The scour
subject of the study is between a distance of 39 kilometers from the start of the Grensmaas in streamwise direction,
in the pink risk zone for erosion.

Just after the Meuse enters the Netherlands the river sees a drop of 45 cm/km, which is considered steep for
dutch rivers (Warner, 2016b). Therefore the Grensmaas is a fast-flowing meandering river which is prone to erosion,
leading to a dynamic river area (Van Looy and Peters, 2000). The Meuse has highly variable discharges, ranging from
20 m3 s−1 to 3800 m3 s−1 (Rijkswaterstaat, 2021, 2022b). Discharges are highly variable because the river is rainfed
(Engel et al., 2014; Warner, 2016a). Discharges are especially variable after heavy rains in the Ardennes which can
reach the Netherlands within days (Engel et al., 2014; Warner, 2016a).
The yearly average discharge of the Grensmaas is around 200 m3 s−1 (Rijkswaterstaat, 2022b). Flood discharges
in the Grensmaas have the following return times: Discharge of 1439 m3 s−1 has a return time of two years, 1971
m3 s−1 of 5 years, 2603 m3 s−1 of 20 years, 3260 m3 s−1 of 100 years and 4180 m3 s−1 of 3000 years (Rijkswaterstaat,
2022a). The morphological trend of the scour subject for these discharges are investigated. Satellite imagery (Figure
2.4) of the Grensmaas during spring and summer of 2021 show the river extent for the annual average discharge
of 200 m3 s−1 and a flood discharge of 3800 m3 s−1 . Note that for the extreme rain-fed flood discharge the river
does not get that much wider in transverse direction at the location of the scour, it does not even reach the dikes.
However with this large discharge the river fully occupies the floodplain to the north.
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Figure 2.3: Adopted from Meijer et al. (2011) Depth-averaged Flow velocities of the study site before the Grensmaasproject (black dotted line), and after implementation of the Grensmaasproject (blue solid line). The scour
subject of this study is located in area ’c’, between 38 and 39 kilometers from the start of the Grensmaas. Flow
velocities have expected to increase up to 20 percent in this area after the Grensmaasproject, from 4 m3 s−1 to 5
m3 s−1 .

Figure 2.4: Adapted from Waterschapshuis (2022), Satellite imagery of the Grensmaas during (a) rain-fed flood of
July of 2021 with a discharge of 3800 m3 s−1 , (b) spring of 2021 with a average annual discharge of 200 m3 s−1 .
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3 | Data
In this chapter the data used in this study. The data can be divided in two sections: 1) data requested from
Rijkswaterstaat and online sources used for model creation; 2) Data gathered during two measurement campaigns
at the study site. Data requested from Rijkswaterstaat and online sources consists of: 1) river bathymetry, 2)Digital
terrain Model, 3) Discharge and 4) Water surface level data of the study site. Data from the measurement campaign
at the study site consists of: 1) Acoustic Doppler Current Profiler measurements and 2) soil samples. The details
and purpose of the data will be explained in the following subsections.

3.1

Data for model

Bathymetry and Digital Terrain Models are used to make a triangulated surface of the study site. Both data sources
are necessary to make a proper triangulated surface as the river bathymetry data does not cover the river banks and
floodplains and thus needs to be supplemented with Digital Terrain Model data. Discharge and water surface level
data will be used to make a stage-discharge relationship for the study site.The triangulated surface and stage-discharge
relationship will be used to create the mesh for the model. The workflow to create a mesh from the triangulated
surface and stage-discharge relationship will be further discussed in Chapter 4.

3.1.1

River bathymetry

Available data for the river bathymetry of the study site consists of multibeam echosounder data of the Grensmaas
that has been mapped by Rijkswaterstaat after the flooding of the Grensmaas in July 2021. The bathymetry displays
the elevation of the river bed in raster format with a resolution of one meter. The elevation data is expressed in meters
with centimeter precision. The coordinate reference system of this raster is the Amersfoort / RD New projection
(EPSG:28992) and elevation is with respect to the Dutch ordinance datum (NAP).

3.1.2

Digital terrain model

The Grensmaas functions a border between the Netherlands and Belgium, and therefore there are several dutch and
belgian data sources available to map the elevation of the river banks and floodplains. The Belgian DTM covers
both the Dutch eastern river bank as well as the Belgian western river bank whereas the Dutch digital terrain model
only covers the eastern bank. Therefore a Belgian DTM is used retrieved from overheid.vlaanderen.be The DTM
displays the elevation of the ground level in raster format with a resolution of 1 meter. The elevation data is expressed
in meters with centimeter precision. The DTM was derived from LiDar-elevation data which was gathered for the
Digital Elevation Model, Digitaal Hoogtemodel Vlaanderen II (DHMVII). The coordinate reference system for this
raster is the Lambert 1972 projection (EPSG:31370) and elevation is with respect to the Belgian ordinance datum
(TAW) which is 2.33 meters higher than the Dutch ordinance datum (NAP).

3.1.3

Discharge

Discharge and Water surface level data are used to make a stage-discharge relationship for the study site. Discharge
data is measured by Rijkswaterstaat and is retrieved from www.waterinf o.nl. The data retrieved is the discharge
(m3 s−1 ) at the location Maaseik, the closest location to the scour of the study site, which is further downstream.
The discharge values are an average over 10 minute intervals. Discharge data used spans from 01/01/2021 till
31/10/2021.

3.2. FIELD CAMPAIGNS

3.1.4
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Water surface level

The Water surface level is measured by Rijkswaterstaat and is retrieved from www.waterinf o.nl. (Rijkswaterstaat,
2021). Data retrieved are the water surface level (cm) at the Meerswijk veer which is at the study site. The Water
level is with respect to the Dutch ordinance datum (NAP). The Water level is an average over 10 minute intervals.
The water level data used spans from 01/01/2021 till 31/10/2021.

3.2

Field campaigns

During the first measurement campaign a Acoustic Doppler Current Profiler (ADCP) was used to gather flow velocity
data of the river at the study site which will be used for model calibration and model validation. The calibration
and validation will be discussed further in chapter 4. The soil samples from the second measurement campaign were
used to determine the median sediment size to determine the critical Shields stress for both gravel and sand in and
around the scour. Shear stresses from the model simulation will be compared to the critical Shields stress to make
predictions for the morphological trend of the scour, this will be further discussed in chapter 4.

3.2.1

ADCP measurements

Measurements were taken at the field site on 9/9/21 with an Acoustic Doppler Current Profiler (ADCP) by a team
with a motorized boat at the scour subject. The average discharge of the Grensmaas at the scour subject during
that day was. 65 m3 s−1 (Rijkswaterstaat, 2021). The 1200 kHz acoustic doppler current profiler was mounted on
the boat looking downward into the flow. The vessel sailed five transects at the field site. Transects were sailed six
times in order to average out small disturbances and anomalies in the flow. The locations of the measurements are
tracked by GPS with the help of receivers mounted on top of the boat. Figure 3.1 shows the measurement locations
at the field site. The discharge of the Grensmaas at the scour subject

3.2.2

Soil samples

The bed of the scour and river was sampled with a Van Veen soil collector on 7/10/21. The Van Veen soil collector
was lowered by a team from a motorized boat in the scour hole and to the river bed to take sand and gravel sediment
samples respectively. The samples were analyzed by Herm-jan Barneveld and this is therefore not explained in the
methods.

3.2. FIELD CAMPAIGNS
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Figure 3.1: Elevation of the study site. The black solid line indicates the track sailed during the ADCP measurement
campaign on 9/9/21. The green line indicates the averaged cross-section based on data of sailed track as indicated
by different colors in Figure 3.2. Numbers indicate the cross-section.

Figure 3.2: Not all data from the sailed track were used. The data used to determine average cross-sections (Figure
3.1) is given a color corresponding to one of the 5 cross-sections. The orientation of the average cross-section is
indicated by the red line which is parallel, and the green line which is perpendicular to the average cross-sections.
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4 | Methods
This chapter describes the methodology of this study. The research questions will be answered via a modelling
approach. Section 4.1 describes the setup of the model. In Section 4.2 the model execution is explained. In section
4.3 the methods for model validation are explained. In section 4.4 methods to determine when the scour becomes
morphologically active is explained. In section 4.5 the method to determine where sedimentation and erosion occur
is explained.

4.1

Model setup

In this study a three-dimensional finite volume model is constructed of a non-idealized scour from the study site.
The numerical model is developed within the open-source C++ toolbox OpenFOAM. Models are made for different
rain-fed flood discharges of the Grensmaas mentioned in 2. An additional model will be made based on the average
discharge during the day of the ADCP measurement campaign (3. In total, models are made for seven cases with
different rain-fed flood discharges (table 4.1). Important elements of the OpenFOAM model for each case discussed in
this section are in order: 1) solver and 2) turbulence closure model to solve model equations, 3) rigid lid approximation
used to simplify the model, 4) the mesh for the computational domain, 5) boundary conditions, 6) initial conditions
and 7) model calibration. The model for each case is roughly the same, differences being the size of the computational
domain as well as the boundary conditions for the inlet and initial conditions.
Table 4.1: Cases and modelled discharges

4.1.1

Case

Discharge (m3 s−1 )

1
2
3
4
5
6
7

65
200
1439
1971
2603
3260
4180

Solver: pimpleFoam

The solver implemented in the model is the pimpleFoam solver. pimpleFoam is capable of handling transient turbulent
incompressible flow. The PIMPLE algorithm is a combination of the PISO and SIMPLE algorithms, a detailed
description of which can be found in (Versteeg and Malalasekera, 1995). PimpleFoam solves partial differential
equations which describe the motion of viscous fluid substances or Navier Stokes equations (NS). Pimplefoam also
solves for the kinematic pressure. Figure 4.1 shows to workflow of the PIMPLE algorithm. At the start of every
time-step the PIMPLE algorithm increases the current simulation time by the value of the time-step. Secondly the
pressure-velocity coupling loop is executed. In this loop the momentum equation is solved first, and then the corrector
loop is entered. The pressure equation is solved and the velocity field is corrected inside this loop. Lastly all equations
related to turbulence are solved. pimpleFoam allows to regulate how many times the pressure-velocity coupling loop
is executed as well as the corrector loop. PimpleFoam allows for the use of larger time-steps when the number of
iterations inside the pressure velocity coupling loop is increased in combination with under-relaxation. This decreases
the computational time. In the simulations present in this thesis the time-step was set to be small enough to keep the
Courant number below one at all times in the whole domain as the recommended Courant number for LES turbulence
simulations ideally should be lower than 0.5 - 1, so in this model a maximum Courant number of 1 is selected.

4.1. MODEL SETUP
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Figure 4.1: Workflow of the pimple algorithm

4.1.2

Turbulence closure scheme: k-ω SST DES

To correctly predict flow separation in the model of the scour turbulence models cannot miss adverse pressure
gradient. The turbulence closure scheme implemented in the model is the k-omega shear stress transport detached
eddy simulation model or k–ω SST DES. The turbulence model is known to perform well for boundary layers with
adverse pressure gradients (Versteeg and Malalasekera, 2007). k–ω SST DES a hybrid RANS–LES method. RANS
is applied for a portion of the boundary layer and large eddies are resolved away from these regions by an LES (figure
4.2) . This model is a modification of the RANS model k–ω SST. The standard SST model is a mix between the
k–ε and the k–ω model combining the best of both models with a blending function. In the SST model k–ε model is
used in outer parts, and outside of the boundary layer because it performs better in those regions, while k–ω is used
in the inner parts of the boundary layer because here, this model performs better. But for areas between the outer
and inner parts of the boundary layer the blending function is used to combine both k–ε and the k–ω models.

Figure 4.2: The model uses RANS and LES approaches. The color of the cell indicates whether RANS or LES is
used. Blue color indicates that RANS is used and purple indicates the use of LES.

4.1.3

Rigid lid approximation

Rigid lid approximation was adapted for the models of this study instead of a free surface approach. The rigid lid is
adopted to simplify the simulation. With a rigid lid approximation the interface between the river and the atmosphere
is fixed horizontally and at a elevation which is different for each of the modelled cases (table 4.1). The elevation of
the river-atmosphere interface in the model is determined by the water surface level. The river-atmosphere interface
elevation also determines the size of the computational domain of the model. If the river-atmosphere elevation is
larger, then the model domain is also larger because areas of the river banks and floodplains will be flooded and thus
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be included in the computational domain. Rigid lid also provides some benefits with respect to the computational
time of the model as no changes in the river-atmosphere interface have to be computed, which would have been the
case with a free surface.
The elevation of the river-atmosphere interface in the model is equal to the water surface level calculated from
the discharge (table 4.1) corresponding to each case with a stage-discharge relationship. The stage-discharge relationship has the form in equation 4.1:
(4.1)

Q = c(h + a)n

where h is the water surface level (m) and Q is the discharge (m3 s−1 ). c, a and n are coefficients. These are
changed until the stage-discharge relationship curve fits best on the water surface level and discharge data so the
stage-discharge relationship curve can most accurately predict water surface level for a certain discharge at the study
site. The coefficients c, a and n are selected based on the lowest root mean squared error (RMSE):
Q = 5.66(h − 24.86)2.90

(4.2)

From equation 4.2 the discharge and corresponding water surface level and thus elevation of the river-atmosphere
interface is shown in table 4.2.
Table 4.2: Calculated water surface level w.r.t NAP based on the stage-discharge relationship of the study site.

4.1.4

Case

Discharge (m3 s−1 )

Water surface level w.r.t. NAP (m)

1
2
3
4
5
6
7

65
200
1439
1971
2603
3260
4180

27.18
28.29
31.63
32.41
33.17
33.84
34.64

Mesh generation

The computational domain is the portion of space where the solution of the CFD simulation is calculated. The
computational domain needs to be discretised into a computational mesh to solve the discretised equations of fluid
flows. The mesh divides the geometry of the Grensmaas river with scour into many elements. These are used
by OpenFOAM to construct control volumes. The overall shape of the computational domain should be as close
as possible to the geometry of the study site.The workflow for making a high quality mesh in order to obtain
good simulations can be complicated. As discussed in the previous section 4.1.3, each case has a different sized
computational domain that depends on the water surface level. The mesh for case 1 is the smallest, meshes become
progressively larger until the mesh for case 7, which has the largest mesh. Even though the meshes for each case are
different, the workflow for generating meshes is the same, and will be discussed in the following subsections.
Triangulated surface creation
In order to make a high quality mesh for the study site for each of the different cases, it is necessary to also have
a high quality triangulated surface of the elevation data of the study site. The first step is merging the rasters
of bathymetry of the field site with the digital terrain model of Flanders (chapter 43) in QGIS. QGIS is a freely
downloadable open source GIS software suite. The bathymetry data are with respect to the Amsterdam ordnance
datum (NAP). The digital elevation model of Flanders is with respect to the Belgian ordnance datum (TAW). There
is a elevation difference between these ordnance datums. To correctly combine the data, 2.33 meters need to be
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Figure 4.3: The workflow for creating a mesh is summarized. a) triangulated surface based on the multibeam data
and DTM, b) triangulated surface with regions, c) the background mesh made with blockMesh. d) the castellated
mesh made with snappyHexMesh, e) snapped mesh made with snappyHexmesh

subtracted from the digital terrain model of Flanders. Then rasters of the digital terrain model of Flanders and the
bathymetry of the Grensmaas can be combined and exported as a triangulated surface (Figure 4.3a).

Regions triangulated surface
Blender is used to define regions in the triangulated surface. Blender is a free and open source 3D creation suite.
With Blender an area of vertices of the triangulated surface can be selected and named which will then compose a
region in the triangulated surface. These regions in the triangulated surface will later be translated to boundaries
(section 4.1.4). Four regions will be defined in the triangulated surface: 1) left river bank, 2) right river bank, 3) the
scour and 4) the river minus the scour (Figure 4.3b).

blockMesh
blockMesh is a mesh generation tool of OpenFoam. This tool is used to generate different background meshes for
each case. The background mesh is a cuboid consisting of hexahedral cells. The background mesh has six sides.
The background mesh is shown in Figure 4.3c. Three of these sides need to be designated as boundaries where
boundary conditions will be imposed. The boundaries are: 1) the plane on the south side of the background mesh,
this plane will be the inlet, 2) the plane facing north will be the outlet, 3) plane facing the atmosphere will be the
river-atmosphere interface. The size of the background meshes will be such that the triangulated surface of the study
area fits inside of the background mesh. Except the top (river-atmosphere interface) of the background mesh, this
will be lower than the top of the triangulated surface. Many cell sizes for the background mesh were tested, but a
cell size of 1 by 1 by 1 meters was a good compromise between computational time of the model and accuracy.
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snappyHexMesh
The background mesh is further processed with snappyHexMesh. SnappyHexMesh is a mesh generator tool from
OpenFoam that takes an already existing mesh and chisels it into the desired mesh. The background meshes generated
with blockMesh will be chiseled. In addition to the background mesh generated with blockMesh, snappyHexMesh also
requires the triangulated surface of the study area. snappyHexMesh removes hexahedral cells of the background mesh
that are not located between the triangulated surface and the river-atmosphere interface of the background mesh.
Cells are retained if, 50 percent or more of their volume lies between the triangulated surface and the river-atmosphere
interface of the background mesh. What remains is a castellated mesh (Figure 4.3d). Next SnappyHexMesh snaps
the castellated mesh on the triangulated surface by moving vertices of the castellated mesh onto triangulated surface
(Figure 4.3e). This way the bottom of the castellated mesh resembles the triangulated surface. Figure 4.4 shows
the difference between a castellated and snapped mesh. The bottom of the mesh is designated as the bathymetry
boundary consisting of four sub-boundaries according to the regions in the triangulated surface: 1) left river bank,
2) right river bank, 3) the scour and 4) the river minus the scour. The end result is a snapped mesh (Figure 4.3e).
A close-up of a arbitrary corner of mesh can be seen in Figure 4.5 A schematic overview of the mesh of case 1 can
be seen in figure 4.6

Figure 4.4: The inlet side of the mesh shown for a) castellated mesh, b) snapped mesh.

Figure 4.5: Detail of the computational mesh at an edge, generated with an average element size of 1 by 1 by 1 m.
The colors show the magnitude of the instantaneous velocity of one of the model runs.

4.1. MODEL SETUP

4.1.5

|

14

Boundary conditions

Figure 4.6: Schematic of the computational domain of the model for case 1. The main boundaries are indicated:
Inlet/Outlet in blue, Atmosphere in cyan, River bed in brown.
In this section choices for boundary conditions are explained. The computational domain has four main boundaries: 1) atmosphere, 2) inlet, 3) outlet and 4) bathymetry (Figure 4.6). The bathymetry consists of four subboundaries: 1) left river bank, 2) right river bank, 3) the scour and 4) the river minus the scour. Appropriate
boundary conditions are selected for the boundaries. A schematic overview of a computational domain with boundaries can be seen in Figure 4.6.
During the mesh creation process boundaries of the model have to be provided with a certain type. Common
are ’patch’ for the inlet, outlet and atmosphere and ’wall’ for the wall boundaries. Wall boundaries cause resistance
to the flow. The only reason to separate wall type from boundary type is to be able to apply turbulent wall treatment.
The boundary conditions for each cases are the same except for the inflow boundary. Boundary conditions is set for
pressure (p), velocity (U ), roughness (kN ), turbulence kinetic energy, (k), and turbulence specific dissipation rate
(ω). Most boundary conditions for most variables are set to a Neumann conditons with a gradient of zero. Other
important boundary conditions for each boundary are discussed in the following paragraphs.
Atmosphere
The most important boundary condition of the Atmosphere patch is the boundary condition for the velocity variable,
this is set to slip as is assumed that the resistance the flow encounters from the atmosphere is negligible.
Inlet
At the inflow boundary for the velocity variable a specific volumetric flow rate in m3 s−1 is set. Volumetric flow rates
are the discharges corresponding to each case (table 4.2).
Outlet
At the outflow boundary the velocity boundary condition is set to a Neumann boundary condition with a gradient of
zero. This condition simply extrapolates the quantity to the boundary from the nearest cell value. The meaning is,
the quantity is developed in space and its gradient is equal to zero in direction perpendicular to the boundary.
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Bathymetry (scour, left bank, right bank and river)
The bathymetry patch and sub-patches are rough walls. Therefore the boundary condition for the velocity variable
is given a Dirichlet no-slip condition, meaning that for viscous fluids at a solid boundary, fluid will have zero velocity
relative to the boundary. The roughness is parameterized by the Nikuradse roughness length. The value for the
Nikuradse roughness length (kN ) is selected as 0.5 m (section 4.1.7). Values for the Nikuradse roughness length
have been adapted such that the simulated flow velocities come close to the measured flow velocities.

4.1.6

Initial conditions

Initial conditions for each case are generated with potentialFoam solver, which is a potential flow solver. Potential
flow solvers are typically employed to generate initial fields for more advanced solvers, like pimpleFoam. The main
differences between potentialFoam and pimpleFoam is that potentialFoam is steady state and does not consider
turbulence, while pimpleFoam is transient solver which does simulate turbulence and thus potentialFoam is not as
computational demanding as pimpleFoam. potentialFoam solves for the velocity potential from which the velocity
field can be obtained. The corresponding pressure field can be obtained from divergence of the Euler equation. The
velocity and pressure fields are used as as initial fields by pimpleFoam in the model. Vectors of these fields are mostly
put in the right directions by potentialFoam, and thus the solution from pimpleFoam can converge faster.

4.1.7

Model Calibration

The models calibrated with the Nikuradse roughness length (kN ) for wall boundaries by comparing cross-sections
for computed time averaged velocity magnitude against the velocity magnitudes observed in the field for those same
cross-sections. Unfortunatly, field measurements where only performed at the field site when the discharge of the
Grensmaas was roughly 65 m3 s−1 . This means only the roughness for the model of case 1 could be properly calibrated
and validated, Therefore the roughness of the models of cases 2-7 will be set to the same value as found with the
calibration effort for case 1. The computed cross-sections corresponded the most with the cross-sections in the field
for a roughness length of 0.5 m for the bathymetry boundary and bathymetry sub-boundaries (4.1.5).

4.2

Model execution

The numerical models ran on the Anunna High Performance Cluster at Wageningen University and Research. The
computational domain for each of the cases was decomposed into eight smaller domains which run on separate
processors in parallel to speed up the processing time. Approximately 6 – 48 hours of processing time was required
for each case with 20 minutes of simulated time with a time step of 0.1 seconds. Cases with larger meshes took
significantly more run time than cases with smaller meshes.

4.3
4.3.1

Validation
Cross-section comparison

In order to asses the agreement between the modeled and observed velocity field, cross-sections need to be sampled in the model to be compared to the observed cross-sections. This is done by translating RD New projection
(EPSG:28992) coordinates corresponding to the cross-section at the study site to model coordinates. Subtracting the
zero point of the model in RD New projection coordinates from RD New projection coordinates of the cross-sections
yields the location of the cross-sections in model coordinates.

4.3.2

Rigid lid

Hydraulic head indicates whether the rigid lid approximation is suitable for each of the seven cases. The pressure in
hydraulic head at the location of the atmosphere boundary indicates how far the water surface level would rise above
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the atmosphere boundary if it was not fixed. pimpleFoam solves for the kinematic pressure which is the pressure
normalized by constant fluid density. Thus hydraulic head can be calculated as follows:
h=

pk
g

(4.3)

where h is the hydraulic head (m), pk is the kinematic pressure (m2 s−2 ) and g gravitational acceleration (ms−2 ).

4.4

Threshold of sediment motion

The bed shear stress will be used to determine when sediment, both gravel and sand are put in motion in, and around
the scour. The bed shear stress was retrieved from the OpenFoam simulation at selected wall patches, in this case
the bathymetry patch and sub-patches. The wall shear is computed in OpenFoam as:
τb = Rn

(4.4)

Where τb is the bed shear stress vector (kgm−1 s−2 ), R is the shear-stress symmetric tensor from retrieved k–ω
SST DES turbulence model and n is the patch normal vector. From this the dimensionless wall shear stress τ∗ are
determined as formula 4.5
τ∗ =

τb
ρ∆gD

(4.5)

Where τ is the wall shear stress vector (−), ρ the density of water (kgm−1 ), g the gravitational (ms−2 ) constant
and D the particle diameter (m) ∆ the relative density between sediment and water and is the relative density defined
(−) as:
(ρs − ρ)
(4.6)
∆=
ρ
Where ρ the density of water (kgm−1 ) and ρs the density of the sediment (kgm−1 ). When the critical Shields
stress is exceeded by the dimensionless shear stress (τ∗ > τ∗c ) stress it is expected there is bed-load transport of
sediment of a diameter D. This diameter is determined from the collected soil samples at the study site 3.2.2. The
dimensionless critical shear stress has a empirical relationship with the particle Reynolds number (Figure 4.7). The
particle Reynolds number is defined as Formula 4.7
Up D
(4.7)
ν
Where Rep is the particle Reynolds number (−)„ D the particle diameter (m) and ν the kinematic viscosity of
water (m2 s−1 ). Up is the particle velocity (ms−1 ) defined as Formula 4.8.
Rep =

Up =

p

gD∆

(4.8)

Where g the gravitational (ms−2 ), D the particle diameter (m) and ∆ the relative density (−).

4.5

Bed shear stress divergence

The divergence of the bed shear stress can be calculated from the bed shear stress retrieved from the simulation
(4.4.The divergence of the bed shear stress is defined as Formula 4.9
∇τb =

∂τbx
∂τby
∂τbz
+
+
∂x
∂y
∂z

(4.9)

where τbi are the bed shear stress components in i directions. Whether there is sedimentation of erosion of the
bed can be described with the basic Exner equation for sediment transport 4.10.
∂η
1
= − ∇qs
∂t
ϵ0

(4.10)
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Figure 4.7: Modified shield diagram showing the empirical relation between critical shields stress and particle
Reynolds number. Adopted from Parker (2004)

−1
). ϵo the grain packing density [−] and ∇qs is the
where ∂η
∂t is the change in bed elevation over time (ms
−2 −1
divergence of the sediment flux qs (kgm s ). The change in bed elevation over time can be related to the bed
shear stress divergence with derivation shown by formulas 4.11, 4.12, 4.13 and 4.14

∂η
1 ∂qsx
∂qsy
∂qsz
=− (
+
+
)
∂t
ϵ0 ∂x
∂y
∂z

(4.11)

If the sediment flux in the water column is assumed to be a function of the bed shear stress qs = f (τb ) thus the
chain rule is applied:

∂η
1 ∂qsx ∂τbx
∂qsy ∂τby
∂qsz ∂τbz
=− (
+
+
)
∂t
ϵ0 ∂τbx ∂x
∂τby ∂y
∂τbz ∂z

(4.12)

The derivative of the sediment flux qs with respect to the bed shear stress τb is the same in every direction:

∂η
1 ∂qs ∂τbx
∂τby
∂τbz
=−
(
+
+
)
∂t
ϵ0 ∂τb ∂x
∂y
∂z
Then the change in bed elevation

∂η
∂t

(4.13)

can be related to bed shear stress by substituting equation 4.9

1 ∂qs
∂η
=−
∇τb
∂t
ϵ0 ∂τb

(4.14)

Sediment transport is assumed in equilibrium with the bed shear stress, so no advection-diffusion effects are
considered. Then from formula 4.14 it can be concluded that if the bed shear stress divergence is positive the the
bed elevation will decrease over time (erosion), and if the bed shear stress divergence is negative the bed elevation
will increase over time (sedimentation).
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5 | Validation
This chapter discusses the validity of the models, First in section 5.1 the observed velocity field during the measurement
campaign is compared to the velocity field from the simulation for case 1. In section 5.2 the validity of the rigid lid
approximation is discussed.

5.1

Cross-section comparison

Comparison of the modeled velocity fields versus the measured velocity fields for five cross-sections indicated in Figure
3.2 shows cross-section 1, 4 and 5 in agreement. Cross-sections for locations 2, 3, which is in the scour are not in
agreement. Only case 1 (Q = 65 m3 s−1 ) can be validated as there is no ADCP data available for the study site at
higher discharges.
In the first cross-section measured and modeled flow velocities in streamwise direction are in the same order of
magnitude, albeit the modelled flow velocity is a bit higher. Lateral velocities are off near the lower velocity area
near the western bank in both direction and magnitude. The fourth and fifth cross-sections do show agreement in
both streamwise and lateral velocities. The main flow in the second cross-section is displaced towards the western
bank and is stuck on the river bed whereas it should be concentrated in the middle of the cross-section closer to the
water surface. The lateral flow velocities for this cross-section are also not in agreement. For the third cross-sections
also the streamwise velocities as well as the lateral velocities are not in agreement. It appears the model is unable to
properly reproduce the horizontal recirculation in cross-sections 1,2 and 3. Modelled cross-section 1 and 3 does not
show any recirculation at all whereas cross-section 2 features horizontal recirculation from the middle to the eastern
bank that is too large. It appears the model for case 1 can adequately capture hydrodynamics in the cross-sections
outside the scour, but cannot capture the hydrodynamics in the scour correctly.
The problem for cross-section 2 and 3 is unique to the model of case 1. Models for the other cases are expected to
better capture the hydrodynamics in the scour but there are no ADCP measurements available to verify this. The
flow is is not stuck on the river bed at the western bank but is concentrated in the middle of the cross-section for
the other cases (Figure 6.1).

5.2

Rigid Lid

Figure 5.2 shows water pressure profile for all cases at the fixed water surface of the model. If the hydraulic head
would be zero that implies that the rigid lid approximation captures the free surface perfectly. Note that the hydraulic
head through the model domain increases for cases with higher discharges. Thus the actual water surface is under
a slope, that increases if the discharge also decreases. The exception is again, case 1. The pressure profile of case
1 would be expected to be the closest to hydraulic head of 0 m. Instead the pressure at the inlet at distance 0 m
of case 1 is as high as the pressure of case 6, and the pressure is even higher than case 7 at distance of 200 m in
streamwise direction. Case 2 has the lowest Hydraulic head throughout the model domain, this implies that the rigid
lid approximation works best for this case compared to other cases.
Case 1 and 2 experience almost no water surface level increase due to the sudden expansion of the river crosssection at the location of the scour. This is to be expected as these cases have the lowest discharges (65 m3 s−1 , 200
m3 s−1 respectively) and thus Froude numbers are expected to be low. Thus the elevation of the water surface would
not react much on the sudden expansion of the river cross-section when flow enters the scour. A regime change is
present between case 2 and 3. From case 3 and onwards, Froude numbers have increased enough due increasingly
large flow velocity to make the water surface elevation react more and more to the cross-section and thus also causing
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Figure 5.1: The observed and modeled velocity field at the five cross sections indicated in Figure 3.1 All profiles are
plotted with the eastern bank on the right side. The colored shades indicate the flow component in direction of the
cross-sectionally averaged flow. The arrows indicate the flow orthogonal to the cross-sectionally averaged flow.
an increasingly large adverse pressure gradient. Therefore the water surface elevation increases by a 5 cm for case 3
and increases up to 35 cm for case 7.
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Figure 5.2: Pressure plot profile for case 1-7. Where pressure is expressed as the hydraulic head. The solid lines
indicates the width-averaged hydraulic head The distance is the distance in stream wise direction. The scour is
located at distance 550-800 meter.
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6 | Results
In this chapter results derived from the model simulations are discussed. In section 6.1 the flow structure of each
case is discussed. In section 6.2 the threshold of sediment motion for each case is discussed. In section 6.3 the results
for bed shear stress divergence for each case is discussed.

6.1

Flow structure

Figure 6.1: The computational domain for cases 1-7 as seen from above. The shaded colors indicate velocity
in streamwise direction at the water surface for cases 1-7. Positive values indicate flow in downstream direction.
Negative values indicate recirculation. The scour is located at 550-800 meters. Numbers indicate the case.
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Figure 6.2: The computational domain for cases 1-7 as seen from above. The blue solid color indicates where
velocity in streamwise < 0 direction at the water surface for cases 1-7.
Flow velocities (Figure 6.1) are expected to go from 1-2 ms−1 for average annual conditions for a discharge of
200 m3 s−1 (case 2) to up to 6 ms−1 for extreme Rain-fed flood conditions of 4180 m3 s−1 (case 7).
Figure 6.1 also shows the horzontal flow structure for each case. Case 1 has a distinct different flow structure
compared to the other cases. The core of flow in case 1 is present at the eastern bank before the scour, but then
contracts and rapidly moves to the western bank at the start of the scour at a streamwise distance of 550 meters,
and after the scour at streamwise distance of 800 meters, moves to the middle of the river. For other cases, flow
contraction at the location of the scour is clearly visible. The flow contraction is caused by horizontal recirculation
promoted by the adverse pressure gradient, due to an increase in cross-sectional area at the location of the scour. The
adverse pressure gradient is larger for higher discharges as was also discussed in section 5.2 For the lower discharges
65-1439 m3 s−1 (case 1-3) the flow contraction develops in streamwise direction. For discharges 1439-4180 m3 s−1
(case 4-7) flow contraction does not seem to develop further in streamwise direction.
All cases also show horizontal recirculation patterns at both the eastern and western side of of the scour except
case 1, where horizontal recirculation is only near the eastern river bank. Figure 6.2 shows both the horizontal
recirculation patterns at the eastern and western side of the scour as well vertical recirculation near the bed in the
middle of the scour for case 2-7. For case 1, the horizontal recirculation at the eastern side of the scour and the
vertical recirculation area are connected to form one large recirculation area.
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For discharges 65-1439 m3 s−1 (case 1-3) the reattachment point of the flow moves towards the upstream edge
of the scour, and the vertical recirculation area becomes smaller. For discharges 1439-4180 m3 s−1 (case 4-7), the
size and location of the vertical recirculation area does not change much. Results from Figures 6.1, 6.2 thus indicate
that the flow patterns do not change much for Q > 1439 m3 s−1 , even though flow velocities increase.

6.2

Threshold of sediment motion

Figure 6.3: Particle size distribution curve of five samples taken from the scour bed.
The sand sediment samples from the scour bed were analyzed by Hermjan Barneveld. Figure 6.3 shows the
particle size distribution curve for the analyzed samples. The average particle D50 of the samples is around 200
µm. Thus the scour bed consists of fine Mioscene sands. Gravel samples taken outside the scour contained particles
between 5 - 10 cm in diameter. These findings are used to approximate the Shields stress inside and outside the scour.
Bed shear stresses are higher for cases with higher discharges (Figure 6.4). Bed shear stresses depend on the
velocity gradient near the scour bed, which is larger for cases with larger velocities (Figure 6.1). Therefore a discharge
of 65 m3 s−1 (case 1) has the lowest bed shear stresses while discharge of 4180 m3 s−1 (case 7) has the highest bed
shear stresses. Note that the location of the bed shear stresses remains constant for different discharges, with the
highest shear stresses located near the eastern, western and downstream edge of the scour, while near the upstream
edge of the scour bed shear stress is low. This location near the upstream edge of the scour coincides with the
location of the vertical recirculation areas (Figure 6.2)
Figures 6.5 and 6.6 show where the Shields stress is exceeded for sand with a particle size of 200 µm and gravel of
particle size 7.5 cm respectively. The shields stress for sand is already exceeded throughout the entire scour at low
discharges. Only at the front of the scour, as well as behind the downstream edge of the scour at the eastern bank
are small spots where the shield stress for sand is not exceeded. These spots become very small for discharges of 200
m3 s−1 and larger (case 2-7). Thus it is possible to conclude that at a discharge of 200 m3 s−1 or larger (case 2-7),
bed-load transport of sand will occur throughout the scour.
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Figure 6.4: The computational domain for cases 1-7 as seen from above. The plotted shaded colors indicate Bed
shear stress magnitude, the black solid lines indicate areas where the critical shield stress is exceeded. The scour is
located at 550-800 meters. Numbers indicate the case.
Figure 6.6 shows that the Shields stress for gravel is exceeded for case 3-7 with discharges of 1439 m3 s−1 and
larger around the scour, at the edges of the scour, and at a small area in the scour near its western edge. From a
discharge of 1971 m3 s−1 and larger (case 4-7), the size of the area where the Shields stress is exceeded does not
increase much, even up to a discharge of 4180 (case 7). The shields stress is not exceeded for near in the scour close
to the eastern and upstream edge of the scour for every discharge. Thus from this result it can be concluded that
area bed-load transport of gravel occurs in and around the scour from a discharge of around 1439, and the size of
this area stays does not change much for discharges of 1971 (case 4) and larger. No transport will occur near the
upstream, or eastern edge of the scour.
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Figure 6.5: The computational domain for cases 1-7 as seen from above. The plotted shaded colors indicate how
close the dimensionless bed shear is to exceeding the shields stress for sand of 200 µm. Red solid color indicates that
the Shields stress has been exceeded. Numbers indicate the case.
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Figure 6.6: The computational domain for cases 1-7 as seen from above. The plotted shaded colors indicate how
close the dimensionless bed shear is to exceeding the shields stress for sand of 7.5 cm. Red solid color indicates that
the Shields stress has been exceeded. Numbers indicate the case.
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Bed shear stress divergence

Figure 6.7: The computational domain for cases 1-7 as seen from above. The plotted shaded colors indicate Bed
shear stress divergence.The scour is located at 550-800 meters. Numbers indicate the case.
The bed shear divergence is close to 0 for cases 1-2, thus it is expected that for at least discharges up to 200
m s bed elevation does not change due to either erosion or sedimentation. Case 3-7 feature a positive divergence
at the upstream edge of the scour, thus the bed will erode at this location often for discharges between 1349-4180
m3 s−1 . No dominant pattern can be distinguished for the other scour edges. In the downstream half of the scour the
bed shear stress divergence is predominately negative thus sedimentation will occur at this side of the scour. Overall,
the bed shear stress divergence is more negative in the scour, and positive on the edges. Thus it is expected that in
the future the elevation of the scour bed will increase especially towards the downstream half of the the scour, and
decrease at the edges. Thus the size of the scour will increase in longitudinal and transverse direction but depth will
decrease.
3 −1
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In this chapter, results of the study are discussed. First, research questions will be answered in order, in sections
4.1-4.4. Secondly, the effect of model choices on the results will be discussed in section 4.5. Thirdly, the procedure
during the measurement and sampling campaign are discussed in section 4.6. Lastly, recommendations that follow
from this discussion will be given in section 4.7.

7.1

What material is present in the scour?

Soil samples of the scour bed were sampled with a van Veen soil collector, lowered from atop a motorized boat. The
average D50 of the analyzed soil samples was around 200 µm, The scour bed thus consists of fine Miocene sands.
The D50 of gravel outside the scour was estimated to be around 7.5 cm. These findings coincides with analysis of
the subsurface of the Grensmaas by Meijer et al. (2011). Due to the different sediments, the suspended sediment
equilibrium concentration cannot be assumed constant.

7.2

What flow structure develops for different rain-fed flood discharges?

Flow velocities of 6 ms−1 are expected to develop in streamwise direction for extreme Rain-fed flood conditions.
Horizontal flow contraction develops in streamwise direction up to a discharge of 1439 m3 s−1 . Horizontal flow
contraction is a well observed phenomenon in many experiments (MacVicar and Rennie, 2012; MacVicar and Best,
2013) and (MacVicar and Roy, 2007) and in field situations for gravel bed rivers (MacVicar and Roy, 2007). The flow
attachment point moves towards the upstream edge of the scour and thus the vertical recirculation area becomes
smaller up to a discharge of 1439 m3 s−1 .
In (Broekema et al., 2018) it is explained that due to the horizontal convergence, the adverse pressure gradient
reduces, and vertical flow separation is suppressed. Furthermore according to Bom et al. (2018), a larger upstream
water depth will result in a weaker flow contraction, because the depth of the scour hole is relatively small compared
to the water depth. For the same reason, a smaller water depth results in a stronger flow contraction and a larger
upstream flow velocity results in a slightly stronger flow contraction. Thus considering these statements, it is likely
that flow contraction visible in the model is exaggerated as as the rigid lid approximation in this study underestimated
the upstream water surface water level for all discharges. Also, Keeping research from Broekema et al. (2018) in
mind, it is likely that if the horizontal flow contraction is overestimated, the adverse pressure gradient reduces not as
much, and thus the vertical flow separation is less suppressed and the reattachment point should in fact be further
in streamwise direction than the model suggests. This could lead to overestimation of shear stresses towards the
upstream edge of the scour and underestimation towards the downstream edge.
There are some distinct differences between the flow structure observed for the scour in a relatively straight part of
a river as is the case in this study, in comparison to flow structures of scours in river bends. Research by Vermeulen
et al. (2015) on deep scours in a bend of the Mahakam river has shown that an increase in cross-sectional area is
shown to play a crucial role in generating an adverse surface gradient, which is a necessary condition for the formation
of flow recirculation. Beemster (2021) also found that the increase of the cross-sectional area generates an adverse
pressure gradient be a driver for the start of horizontal flow recirculation. The research by Vermeulen et al. (2015);
Beemster (2021) is in agreement with the flow structure observed for the scour in this study. Furthermore, also
in agreement with to research by Vermeulen et al. (2015) the strong increase in cross-sectional area does induce
horizontal flow recirculation, which helps to maintain a high velocity in the centre of the channel. However, there
is a clear difference for vertical flow. The vertical flow also advects longitudinal momentum but as there were no
distinct vertical recirculation patterns in the observed flow structure for the scour of this study, the core of the flow
is not moved to the river bed but is stretched over the depth of the scour.
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7.3

For what rain-fed flood discharge will the scour become morphological active?

The bed inside the scour which consists of fine Miocene sands is expected to be morphological active for all tested
discharges. Bed-load transport of gravel will outside the scour will occur for modelled discharges of 1341 m3 s−1 and
larger. During a discharge of 65 m3 s−1 . there will be no bed-load transport of sand near the upstream edge inside the
scour, and just past the downstream edge at the eastern bank. This coincides with idealized laboratory experiments
on formation and development of scours in heterogeneous subsoil byStenfert (2017) found that ridges developed on
either side behind the scour hole. Likewise model results by Bom et al. (2018) found that the bed shear stress values
in streamwise direction are lower at these locations. Bom et al. (2018) also concluded that that bed shear stress
values were low between the upstream edge of the scour and the reattachment point of the flow. Furthermore the
effect on the critical bed shear stress by longitudinal and transverse bed slope angles was not considered, therefore
overestimating the required bed shear stress required to put the fine Miocene sand and gravel in motion.

7.4

Where are erosion and sedimentation expected in the scour for different rain-fed
flood discharges?

Based on the results for the bed shear stress divergence it is expected that the scour will increase in size, both in
longitudinal and transverse direction, but will get less deep overall due to sedimentation. As rain-fed discharges
become larger, it is expected that erosion will first will occur at the upstream edge of the scour, and sedimentation
will occur around and in the latter half of the scour. As mentioned in chapter 4, an assumption for the bed shear
stress divergence approach is that the suspended sediment equilibrium concentration is constant throughout the
model, but this is in fact almost never the case for situations in the field. An important aspect to consider with this
approach is that is that equilibrium concentration governed by the flow between sand and gravel changes. When
the flow crosses the gravel-sand interface at the upstream edge of the scour the suspended sediment equilibrium
concentration changes. The actual suspended sediment concentration will move towards the equilibrium sediment
concentration over a distance in streamwise direction called the adaptation length. If the adaptation length is larger
than the scour in longitudinal direction then the upstream suspended sediment concentration is important for the
morphological dynamics in the scour.

7.5

Model choices

The flow is stuck to the western river bank in the scour for case one. Initially it was thought that the selection
of turbulence model and roughness had an impact on this flow structure. During the calibration process several
turbulence models and different values for turbulence parameters were tested to get a different flow structure in the
scour for case 1. Different cell sizes for the mesh were also tested. None of the tests would resolve the problem
with the flow structure in the scour for case 1. A hypothesized culprit for the unique flow structure of case 1 could
be that the stage-discharge relationship gives a poor estimation of the water surface level for low discharges. Consequently, the elevation of the river-atmosphere interface in the model for case 1 is too low. This low elevation of
the river-atmosphere interface causes the mesh made for case 1 to have a bend in front of the scour. Furthermore
for low flow velocities like those of case 1, the flow can easier respond the geometry and change direction. There is
a important detail in the geometry at the western bank just in front of the scour. Here a trench is present in the
river bed. Because the elevation of the river-atmosphere interface is too low, the cross-sectional area of this trench
is relatively large compared to the total cross-sectional area of the river and it is expected that the flow is pulled
into the trench. Thus it is expected that both the bend in the mesh in front of the scour and the trench in the
river geometry contribute to the strange flow structure of case 1 but unfortunately this could not be tested and verified.
The elevation of the river-atmosphere interface could also have affected results for the other cases. In Se section 5.2 it became clear that the rigid approximation underestimates the water surface level for every discharge with
the exception of 200 m3 s−1 . Furthermore the size of the computational domain for each case was based on a fixed
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water surface level. The actual water surface level is higher than the fixed water surface level of the model, therefore
the model is too small in transverse direction. A solution could be to adapt the the fixed water level by implementing
a slope such that in the model the elevation of the water surface level at the inlet is higher than at the outlet,
according to the hydraulic head at the atmosphere boundary. Instead of a sloped rigid lid, a free surface could be
implemented. This could also better capture the water surface level increase due to the increase in cross-sectional
area at the scour. Furthermore as touched upon in section 7.2 it is hypothesized that a sloped rigid lid or a free
water surface could improve model results and accurately predict horizontal flow contraction, flow separation and the
reattachment point. Besides making improving the model domain, choices of turbulence closure scheme and mesh
resolution could also improve model results. Instead of a detached eddy simulation, a full large eddy simulation can
be done. This requires near wall refinement of the mesh and increases computational times, but that could be a
worthwhile trade off.

7.6

Velocity measurement and sediment sampling campaign

During the sampling campaign a problem was encountered with the van Veen soil collector. When the collector was
lowered from the motorized boat to the scour bed and then after supposedly taking a sample from the scour bed, the
van Veen soil collector would sometimes come back up empty. It is hypothesized that at these locations the sediment
size of the bed was too large for the van Veen soil collector to sample. Furthermore, in a few instances gravel would
jam the soil collector so it could not be closed, and thus on the way up from the scour bed to the motorized boat
the rest of the sample would fall out of the soil collector. Therefore it is possible that the samples grain distribution
is skewed in favor of finer materials.
The model could not be validated because the observed and measured velocity field cross-section are too different for
case 1. Model validation would benefit from comparison between observed and measured velocity field cross-sections
for cases with other discharges. Therefore ADCP measurements should be done at the study site during different
discharges. Furthermore the river bed of the model is based on multibeam data which was gathered directly after the
floods in July 2021 by Rijkswaterstaat while the ADCP measurements were done at in early September. In the time
between these measurements there were construction works to repair the ferry jetty which is located at the western
bank next to the scour. There was also an effort by Rijkswaterstaat to fill the scours that developed in the Grensmaas
during the floods of July 2021 back up with coarser material. These construction works could have caused changes
in the river bathymetry and thus the bathymetry used to make the model could be different from the bathymetry
when the ADCP measurements were done. This hypothesis seems unlikely however as sample points from the ADCP
cross-sections did fit perfectly in the model.

7.7

Recommendations

The following recommendations are made based on this discussion. First off, the constructed model of this study
should be further improved. The model could especially benefit from the implementation of a free surface model or
a sloped rigid lid. Results regarding the hydraulic head indicate that the water surface level should be higher than
expected based on the stage-discharge relationship. The model could also be further improved by moving from a
detached eddy simulation to a full large eddy simulation to improve the turbulence part of the model. To this end
the cells close to the river bed and edges should be refined, possibly with inflation layers.
Secondly, the model could not be validated with ADCP measurements. It is hypothesized the shape of the computational domain for case 1 combined with the rigid lid approximation generated unexpected results for case 1, due to
this approach there is a bend in the river in front of the scour, which is not there for cases with higher discharges.
Therefore it is unsure how realistic the current model results are, and it would thus seem beneficial to have access
to ADCP data of the study site for the different discharges.
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Lastly, the critical shear stress is taken constant throughout the entire scour, but is in fact dependent longitudinal bed shear stress and transverse bed shear stress angles. Therefore it is suggested to this include this in further
modelling research of this scour. Furthermore a larger van Veen soil collector should have been used to collect samples
from the gravelly river bed, as the van Veen soil collector could not be closed because large gravel pieces blocked the
closing of the van Veen soil collector.
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In this study, A rigid lid finite volume models, with a k–ω SST DES. turbulence model constructed in OpenFOAM
were used to investigate the morphological development of a scour in the Grensmaas river based on critical Shields
stress and bed shear stress divergence for a variety of rain-fed flood discharges. Furthermore soil samples were
collected to determine a critical Shields stress for sand and gravel in and around the scour. ADCP measurements
were done at the study site and analyzed and used for model calibration and validation. Key points to take away
from this study are summarized below:
1. The models can be used to make a first order estimate of the morphological trend of the scour between
the ferry jetty at Berg and Meers, based on bed shear stresses and bed shear stress divergence for a small
adaptation length. However there is still room for model improvement, with respect to rigid lid approximation,
mesh resolution and turbulence model. The model could not be validated with ADCP data from the single
measurement campaign. Therefore more ADCP data for multiple rain-fed discharges would be beneficial for
calibration and validation of the models with high rain-fed discharges.
2. The model was very well able to reproduce large-scale flow phenomena that are relevant for scour morphology,
like flow separation, horizontal flow contraction, horizontal and vertical recirculation for most cases despite
model limitations. Flow contraction, vertical recirculation develops between discharges 65 - 1439 m3 s−1 . The
location of the reattachment point of the flow moves closer to the upstream edge of the scour for discharges
65 - 1439 m3 s−1 .
3. At least bed-load transport is expected inside the scour as the critical Shields stress of fine Mioscene sands
with a D50 of 200 µm is exceeded for every tested discharge. Bed-load transport of gravel with D50 of 7.5 cm
starts for tested discharges of 1341 m3 s−1 and upwards. Thus inside the scour either sedimentation or erosion
for every discharge, but the extent of the scour is fixed for tested discharges of 1341 m3 s−1 and upwards.
4. If there is sediment transport, then according to the bed shear stress divergence either erosion or sedimentation
will occur. Bed shear stress divergence has a strong dependency on the local scour bathymetry and is thus
strongly affected by bedforms thus larger overall erosion or sedimentation areas in the scour are hard to
distinguish. As rain-fed discharges become larger, it is expected that erosion will occur at the upstream edge
of the scour, and sedimentation will occur around and in the latter half of the scour.
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